We have studied crystallization in poly(ethylene oxide) droplets with volumes ranging over several orders of magnitude. In all samples, homogeneous nucleation is observed, scaling with the volume of the droplet, down to systems with as few as 10 polymer chains. Surprisingly, nucleation is unaffected by the high degree of confinement, despite a large surface-to-volume ratio and the restriction of chains to length scales much smaller than the radius of gyration. Nucleation was also found to be independent of chain length for two molecular weights studied, differing by an order of magnitude. The results suggest that, for these highly supercooled systems, the formation of a nucleus is influenced by its immediate surroundings and does not depend on the entire length of the constituent chains. DOI: 10.1103/PhysRevLett.97.247802 PACS numbers: 61.41.+e, 05.70.Fh, 64.60.Qb, 81.10.ÿh The phase transition from a supercooled liquid into a crystalline solid begins with the formation of a nucleus. Spontaneous fluctuations give rise to solidlike regions which remain unstable unless they exceed a critical size, enabling them to overcome the unfavorable interfacial energy. For simple liquids, the nucleus is thought to have a simple shape, and, once the activation barrier is surmounted, the stable crystal phase will continue to grow. In contrast, both the structure and the growth of a nucleus are significantly different when the supercooled liquid is a polymer melt. Kinetic constraints prevent the long-chain molecules from forming extended-chain crystals; rather, the nucleus comprises a region of mutually oriented, shortchain segments which are bounded by surfaces containing chain folds and other crystal defects [1] . Development of this anisotropic nucleus is highly impeded at the fold surfaces and effectively restricts the crystal growth to two dimensions.
The phase transition from a supercooled liquid into a crystalline solid begins with the formation of a nucleus. Spontaneous fluctuations give rise to solidlike regions which remain unstable unless they exceed a critical size, enabling them to overcome the unfavorable interfacial energy. For simple liquids, the nucleus is thought to have a simple shape, and, once the activation barrier is surmounted, the stable crystal phase will continue to grow. In contrast, both the structure and the growth of a nucleus are significantly different when the supercooled liquid is a polymer melt. Kinetic constraints prevent the long-chain molecules from forming extended-chain crystals; rather, the nucleus comprises a region of mutually oriented, shortchain segments which are bounded by surfaces containing chain folds and other crystal defects [1] . Development of this anisotropic nucleus is highly impeded at the fold surfaces and effectively restricts the crystal growth to two dimensions.
Perhaps the most interesting distinction from crystallization of simple liquids is that a single polymer molecule can itself form a crystal. Experimentally, single-chain single crystals have been observed using very dilute solutions [2 -5] . Theoretical work has investigated the equilibrium structures of single-and few-chain crystals [6 -8] , and simulations have demonstrated the ability of single polymer chains to undergo crystallization [6, 9] . Muthukumar has shown that a sufficiently long polymer chain can support the initial formation of multiple nuclei [6] . At later stages, the dissolution of some of these nuclei and the aggregation of the remaining crystallites results in single-chain crystals. Nucleation in single-molecule solutions was also studied by Wu et al., as a function of chain length [9] . Their simulation results were supported by a simple free energy model wherein the activation barrier for crystallization was found to be independent of chain length.
While it is known that properties such as chain diffusion, viscosity, and crystal growth rates depend on the size of the polymer chains, relatively few experiments have investigated the role of molecular weight in crystal nucleation [10, 11] . Kraack et al. [10] found that homogeneous nucleation in n-alkanes exhibited a chain-length dependence which could be extrapolated to data for high molecular weight polyethylene [11] . However, as the molecular weight increased, nucleation became essentially independent of chain length.
In this Letter, we investigate the role of system size on crystal nucleation in polymer melts, as the sample volume is reduced from macroscopic length scales down to droplet sizes approaching that of a single polymer chain. Based on the method developed by Vonnegut and employed by others [10 -19] , we study the nucleation rate in isolated droplets which are formed by dewetting a thin film on an unfavorable substrate. With this sample geometry, we observe homogeneous nucleation (an intrinsic property of the material) and have previously demonstrated that for bulk samples the homogeneous nucleation rate scales with the volume of the droplets [20] . We extend this study to much smaller droplet sizes in order to investigate finite size effects on nucleation, for a range of molecular weights. As the sample size is reduced, the surface-to-volume ratio increases and chains become confined to droplets smaller than the radius of gyration, both of which may result in deviations from the behavior observed in bulk. Using ellipsometry as a novel probe of crystallization, we are able to observe homogeneous nucleation in droplets which contain as few as 10 polymer chains.
Polystyrene (PS) films were spincast from toluene solutions onto clean Si substrates (M w 2100 kg=mol, M w =M n 1:16), providing a reproducible and unfavorable interface from which poly(ethylene oxide) (PEO) dewets. PEO films of two different molecular weights (M w 370 kg=mol, M w =M n 1:06 and M w 27 kg=mol, M w =M n 1:06) were spincast from acetonitrile solutions directly onto the PS substrates. All polymer was obtained from Polymer Source, Inc. (Dorval, Canada).
Samples were annealed in vacuum for at least 24 hours (thicker films were left for several days to ensure that the films were completely dewetted). PEO film thicknesses ranged from 70 nm down to a few nanometers, which gave a range in droplet volumes from 10 2 m 3 down to less than 10 ÿ4 m 3 . This means that, for the 370 kg=mol PEO, we are able to compare homogeneous nucleation in systems with >10 7 chains down to 10 chains.
Ellipsometry is a technique which measures changes in the polarization of light upon reflection from (or transmission through) a material. It is typically applied to the study of thin films, where changes in polarization can be related to the film thickness and refractive index. However, the droplet sample geometry precludes the standard use of ellipsometry. We instead employ ellipsometry as a sensitive probe for the crystallization of droplets, where the densification and the anisotropic structure produce a measurable change in the polarization. Measurements were conducted with a homebuilt, single wavelength (632.8 nm) self-nulling ellipsometer, in a dry nitrogen atmosphere. Laser light was reflected off of a 3 mm 2 spot on the samples, which was large enough to contain a good statistical representation of the droplet ensemble. Samples were annealed for 20 minutes at 80 C (well above the observed melting temperature) and subsequently cooled at 2 C= min to ÿ40 C. Crystallization was observed through changes in the angles of the ellipsometer's polarizer and analyzer as shown in Fig. 1 . Crystallization is identified by a sharp change against the gradual background changes (due to thermal contraction of the PS substrate and the PEO droplets). The crystallization temperature T c is assigned to the midpoint of the transition for each sample. Droplet volumes were calculated by measuring their base area, using optical microscopy or noncontact atomic force microscopy (AFM) [ Fig. 2(a) ], and assuming the droplets to be spherical caps with the measured contact angle (25 3 ).
A comparison with optical microscopy cooling experiments showed that the midpoint of the transition observed by ellipsometry coincided with the crystallization of half the total volume of the sample. Direct visualization further enabled the droplet distribution to be binned according to volume (see Ref. [20] ), making it possible to identify the ensemble midpoint with that of a specific droplet volume. It was found that a weighted average V P v 2 i =N 1=2 provided good agreement with all samples that were studied using optical microscopy.
In order to gain some insight into the role of system size on nucleation, the average droplet volume of a sample is plotted against the observed crystallization temperature in Fig. 3(a) . We find that T c decreases smoothly with V, indicating a simple dependence of nucleation on the droplet volume.
We have previously shown that the droplets nucleate homogeneously [20] ; the data suggest that homogeneous nucleation is observed over more than 6 orders of magnitude in droplet volume. The dewetted droplet sample geometry has the advantage of providing access to a larger range of length scales than that available in block copolymer systems [15] [16] [17] or polymer blends [18, 19] . Furthermore, the sensitivity of ellipsometry makes it possible to monitor the crystallization in a sample with as little as 10 ÿ9 liters of material, which itself is divided into millions of droplets.
Data for both the 27 and the 370 kg=mol PEOs are presented in Fig. 3(a) . Over the entire range in droplet volumes, both molecular weights were found to crystallize at the same T c , within the scatter of the data. For comparison, crystallization measurements were also made on diblock copolymer films, where PEO is the minority component and forms spheres within a polybutadiene (PB) matrix [21] . Two block lengths were studied (PEO-PB molecular weights: 4.5-26 and 6:8-26 kg=mol), and the results are shown as triangles in Fig. 3(a) . These data also fall onto the same curve as the homopolymer data. We emphasize that changing the M w from a 370 kg=mol homopolymer to a 4:5 kg=mol diblock segment has no effect on the nucleation rate. From classical nucleation theory, the homogeneous nucleation rate has a complex relationship with the crystallization temperature. The activation barrier to nucleation is expressed in terms of the degree of supercooling below the melting temperature:
. Furthermore, corrections for the enthalpy of fusion far below T 0 m give an additional temperature dependence of T c =T 0 m ÿ2 to the activation barrier [22] . The homogeneous nucleation rate for an ensemble of droplets of volume V is
where C is related to the activation barrier. The droplet volume has been plotted as a function of T 2 T 3 c ÿ1 in Fig. 3(b) . Here it is assumed that at the crystallization midpoint, where T c is assigned, the nucleation rate I is approximately the same for all samples. The data for all samples fits a single straight line over the entire range in droplet volumes, in agreement with Eq. (1). This result implies that the nucleation process is the same throughout all of the droplet sizes and for all molecular weights studied. AFM images of crystallized droplets further support this finding. Remarkably, the droplets in Fig. 2(b) clearly show a lamellar morphology, as is observed in bulk crystallization, even when the system contains only 10 chains.
There are a number of other important implications to note from the results in Fig. 3(b). (i) The volume dependence of homogeneous nucleation persists throughout all samples: This reflects the fact that the probability of having a homogeneous nucleation event scales with the volume. Although the surface-to-volume ratio increases by more than 4 orders of magnitude, crystallization in even the smallest block copolymer system is initiated by homogeneous nucleation in the bulk of the domains. If a transition to predominantly surface-nucleated crystallization occurred below some critical size, the data would show a crossover to scale with the droplet surface, leading to a reduction in the slope by a factor of 2=3. Therefore, even in samples where the average droplet contains only 10 chains, the probability of nucleation depends on the amount of material available and is not influenced by the interface. (ii) No chain confinement effects are observed: When a polymer chain is restricted to length scales that are comparable to, or less than, the space pervaded by a molecule in the bulk (2R G ), the confinement can lead to anomalous behavior. Chain confinement could then lead to a change in the nucleation rate, the onset of which would occur when the size of the droplet becomes comparable to the pervaded volume of the chain. The right axis in Fig. 3(b) indicates the height of the droplets (h), with arrows identifying the point at which h 2R G , for each of the homopolymers [23] . The data show no deviation from the straight line trend, indicating that chain confinement has no discernible effect on nucleation. (iii) Nucleation exhibits no molecular weight dependence: The data fall onto a single straight line for all molecular weights, indicating that the nucleation rate does not depend on the chain length. Even for the block copolymer samples, no difference in nucleation rate is observed over almost 2 orders of magnitude in M. This implies that both the activation barrier for nucleation (related to C) and the kinetic prefactor (I o ) which accounts for the polymer mobility do not depend on the molecular weight for the homogeneous nucleation observed in this study. This is perhaps surprising given that the viscosity changes by more than 6 orders of magnitude for this range of molecular weight.
An important point in comparing nucleation data between different molecular weights is the choice of the melting temperature in determining the degree of supercooling. The driving force for crystallization depends on how far below the melting temperature the system is cooled. The equilibrium melting temperature of fully extended-chain crystals T m is often used to define the supercooling [11] . However, a melting point depression arises due to the finite thickness of the crystal, which leads to a molecular-weight-dependent melting temperature. For the two homopolymers in this study, T m would differ by 4-5 C [24] . The data presented in Fig. 3(b) use instead a single melting temperature to define the supercooling among the different molecular weights. The equilibrium melting temperature for a perfect crystal of infinite molecular weight T 0 m is the appropriate parameter [1] . The use The independence of nucleation on molecular weight suggests that the formation of a nucleus is sensitive only to its local environment, which does not extend over length scales comparable to entire chains. A critical molecular weight M could be assigned, whose pervaded volume corresponds to the range of the surrounding melt which affects the formation of a nucleus. For polymers larger than M , no chain-length dependence would be exhibited, while for smaller chains the molecular weight would become important. The size of the local environment should depend on the size of the nucleus, which, in turn, depends on the degree of supercooling. It is possible that for moderate supercoolings (heterogeneous nucleation), where the nucleus is expected to be large, the kinetics could depend on the chain size [10, 11] . However, for the low crystallization temperatures observed in this study (T > 80 C), homogeneous nucleation is unaffected by changes in the molecular weight. This suggests that the local neighborhood is smaller than the pervaded volume of the smallest chain size investigated.
It should be noted that the results of this study provide some insight into the nucleation process, which may differ significantly from the growth kinetics in confined systems [25] . However, it is clear from Fig. 4 that, at the very least, lamellae are the prevailing crystalline structure in these confined systems.
The results presented in this Letter are the first to show the length scale dependence of homogeneous nucleation in droplets ranging over 6 orders of magnitude in volume. We find that the nucleation rate scales with the volume of the droplets for all samples. No deviations in behavior were observed, despite a large change in the surface-to-volume ratio and the confinement of chains to length scales smaller than R G . Finally, the nucleation rate was independent of molecular weight over almost 2 orders of magnitude and even chain architecture (homopolymer or diblock).
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